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Abstract
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The p38 mitogen-activated protein (MAP) kinases (p38) are important signaling molecules that
regulate various cellular processes. Four isoforms of p38 family, p38α, p38β, p38γ, and p38δ, have
been identified in mammalian cells. Previous studies have shown that p38α knockout is embryonic
lethal in mice. At the cellular level, p38α is abundantly expressed in mouse embryonic stem cells
(ESCs), but p38α knockout (p38α−/−) ESCs can differentiate to endothelial cells (ECs), smooth
muscle cells (SMCs), and neurons. We speculate that the lost function of p38α in p38α−/−ESCs may
be compensated for by the redundant function of other isoforms. To test this hypothesis, we used
siRNA approach to knock down the expression of p38δ, the second abundant isoform in ESCs. ESCs
stably expressing p38δ siRNA were established from p38α−/−ESCs, resulting in 80% reduction of
p38δ mRNA expression. However, these ESCs, deficient of both p38α and p38δ, could still
differentiate into ECs and SMCs. We extended our investigation to test if these cells can differentiate
into epithelial cells in which p38δ has been shown to regulate epidermis differentiation. Our results
demonstrate again that ESC differentiation to epithelial cells is independent of p38α and p38δ. We
conclude that p38α and p38δ are not essential for ESC differentiating into ECs, SMCs, or epithelial
cells although numerous studies have shown that the two kinases regulate various cellular activities
in aforementioned cells. Our results highlight the possibility that p38 MAP kinases may play less
significant roles in ESC differentiation than in the regulation of cellular activities of fully
differentiated somatic cells.
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Mitogen-activated protein (MAP) kinases are widely expressed kinases that regulate a wide
variety of cellular activities. Three distinct subtypes of MAP kinases have been characterized.
Extracellular signal-regulated kinases (ERK) are strongly activated by growth factors, thus
they are critical for cell proliferation (Cobb et al., 1991). Two other subtypes, known as stressactivated protein kinases, are c-Jun N-terminal protein kinases (JNK) and p38 MAP kinases.
They are strongly activated by cytokines and cellular stresses, and generally promote inhibition
of cell growth and induce apoptosis (Kyriakis and Avruch, 1996). However, it is now
recognized that MAP kinases represent a family of signaling molecules that have many diverse
functions (Nebreda and Porras, 2000). Four p38 isoforms have been identified in mammalian
cells. They are named p38α, p38β, p38γ, and p38δ (Ono and Han, 2000). Depending on cell
types and the nature of stimuli, different isoforms may have redundant, specific, or even
opposite functions (Nebreda and Porras, 2000; Ono and Han, 2000). Most of the functions
described in the literature are those of p38α or p38β, or both due to the availability of
pyridinylimidazole derivatives (such as SB203580) (Jackson et al., 1998) as selective inhibitors
of p38α and p38β without effect on p38γ or p38δ. In comparison with p38α and p38β, we know
much less about p38γ and p38δ.
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Most of our knowledge of p38 MAP kinases is derived from cultured somatic cells. Little is
known about their roles in developmental biology. The generation of p38 knockout mice has
provided some important insight. A pivotal role of p38α in the regulation of growth and
development is suggested in animal models by the finding that p38α knockout is embryonic
lethal (Adams et al., 2000). However, further studies revealed that the lethality of p38α
knockout is mainly due to the defective placental organogenesis since the p38α−/− mouse
embryos could be rescued by tetraploid complementation and they could develop to term with
normal appearance (Adams et al., 2000). This suggests that p38α may not be essential for mouse
development once the embryos are independent of the placenta for nutrient supply. This is
surprising since it is difficult to envision that such a widely expressed kinase in various cells
is dispensable for embryo development except for placental formation. In contrast to p38α
knockout, p38β−/−mice are viable and exhibit no apparent health problems (Beardmore et al.,
2005). p38β−/− mice showed normal T-cell development and responses to TNF and LPS in
the immune system. It is concluded that p38β is not critical for overall growth and development
(Beardmore et al., 2005). Similarly, p38γ knockout, p38δ knockout, and p38γ/δ double
knockout mice are viable without apparent phenotypic abnormality suggesting that neither
p38γ, p38δ, nor p38γ/p38δ, is essential for embryogenesis (Sabio et al., 2005).
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Gene knockout technique represents one of the most significant advances in the study of gene
functions in animal models. This approach has been recently extended to embryonic stem cells
(ESCs), which can differentiate to various cell types, mimicking in vivo differentiation process.
Gene knockout in ESCs have proven to be a useful in vitro model to analyze developmental
roles of specific genes at the cellular level and the results can provide important complimentary
information to in vivo knockout animal studies. For instance, using a VEGF receptor (FLK)
knockout (flk-1−/−) ESC line, Schuh et al. (Schuh et al., 1999) have found the specific defective
steps in endothelial differentiation and vessel assembly caused by flk deletion. These results
not only demonstrate the importance of VEGF signaling in endothelial differentiation and
vascular development at cellular level, but also support and complement the findings from in
vivo studies (Shalaby et al., 1995). The knowledge of p38 isoforms from knockout mice has
provided valuable information of their relative importance during embryogenesis, but we have
little knowledge about their developmental roles at the cellular level. The embryonic lethality
limits further in-depth analysis of the developmental role of p38α at the cellular level in animal
models, but the generation of p38α−/− ESCs (Roach et al., 1995; Kim et al., 2005) provides a
valuable alternative system. Taking the advantage of the availability of p38α−/−ESCs, we have
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attempted to elucidate its developmental roles. We have shown that p38α−/− ESCs display
altered cell adhesion to different extracellular matrix proteins (Guo and Yang, 2006), but they
can differentiate into endothelial cells (ECs), smooth muscle cells (SMCs), and neurons (Guo
et al., 2007). Furthermore, p38α−/− ESC-differentiated cells can express cell adhesion
molecules in response to TNF-α stimulus, similar to cells derived from wild type ESCs (Rajan
et al., 2008). The current study extends our investigation to p38δ in ESC differentiation. We
have found that, like p38α, p38δ is dispensable for ESC differentiation. We are somewhat
surprised by this finding since numerous studies have shown the importance of p38α and
p38δ in the regulation of various cellular activities of the aforementioned cells in culture.
Nevertheless, the data reported in the current and our previous studies (Guo et al., 2007; Rajan
et al., 2008) suggest the possibility that p38 MAP kinases may not be critical for ESC
differentiation process per se although they may play prominent roles in the regulation of
various cellular activities in differentiated somatic cells (Kyriakis and Avruch, 2001). This
conclusion is in fact consistent with the results obtained from knockout animals (Adams et al.,
2000; Beardmore et al., 2005; Sabio et al., 2005)and provides support at the cellular level for
the hypothesis that the embryonic lethality of p38α knockout is a result of insufficient nutrient/
oxygen supply due to the defective placental organogenesis, but not a direct effect of p38α
knockout on the overall embryo developmental process (Adams et al., 2000). Our results
highlight the importance of rational interpretation of the results obtained from in vivo gene
knockout studies (especially when a gene knockout is embryonic lethal) and those from in
vitro cellular and biochemical studies.

2. Materials and methods
2.1. ESC culture
Generation of p38α+/+ and p38α−/− ESCs has been previously described (Roach et al.,
1995; Allen et al., 2000). They were maintained in DMEM containing 15% fetal bovine serum
(FBS) and 1000 U/ml leukemia inhibitory factor (LIF) (Guo et al., 2007). ESCs were routinely
maintained in cell culture dishes coated with 0.1% gelatin at 37 °C in a humidified atmosphere
at 5% CO2. Cell culture medium was refreshed every other day.
2.2. Construction of p38δ shRNA plasmid, cell transfection, and selection of cells stably
expressing shRNA
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Twoo ligos, 5′
GCAGTGGATCCGGCCAAATCCTATATTCAGTTCAAGAGACTGAATATAGGATTTGGCCTTTTTGGAAAAGCTTGCTGC-3′ and 5′
GCAGCAAGCTTTTCCAAAAAGGCCAAATCCTATATTCAGTCTCTTGAACTGAATATAGGATTTGGCCGGATCCACTGC-3′, were used for shRNA plasmid construction.
They were synthesized by Integrated DNA Technologies and purified by 8% polyacrylamide
gel electrophoresis. The two fragments at 100 μM were denatured at 95 °C for 1 min and
allowed to cool down for annealing for 10 min. The double stranded (ds) DNA fragment was
than purified using agarose gel. The purified dsDNA was first digested with BamHI in a buffer
containing 50mM Tris-HCl (pH7.9), 100mM NaCl, 10mM MgCl2, and 1mM dithiothreitol at
37 °C for 4–5 h, followed by precipitation with 7.5 M ammonium acetate and ethanol. After
the precipitation, the dsDNA was subjected to the second digestion with HindIII in a buffer
containing 10mM Tris-HCl (pH7.9), 50mM NaCl, 10mM MgCl2, 1mM dithiothreitol at 37 °
C for 4–5 h, followed by ammonium acetate and ethanol precipitation. The resulting dsDNA
fragment was suspended in 15 μl of sterile water. The pSilencer 2.1 U6 hygro vector was also
digested sequentially with BamHI and HindIII in the similar fashion. After the digestion and
ethanol precipitation, the concentration of both the digested vector and the digested DNA
fragment were determined using a spectrophotometer. The digested vector and the digested
DNA fragment were taken in the exact ratio of 1:5 and ligated using T4 DNA ligase overnight
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at 16 °C. The ligation mixture was than transformed into E. coli DH5α strain for amplification
of the recombinant plasmid. The recombinant pSilencer 2.1 U6 hygro p38δ was verified by
sequencing (SEQWRIGHT Inc).
p38α−/−ESCs (2.4×105) were transfected with siRNAp38δ plasmid DNA (8 μg) in a 25 cm2
flask using Lipofectamine according to the protocols recommended by the manufacturer
(Invitrogen). After transfection for 48 h, cells were selected with ESC complete medium
containing 200 μg/ml hygromycin B for two weeks. The selected (surviving) cells can stably
express siRNAp38δ and were designated as p38α−/−siδ ESCs. Control cells were generated
in parallel by transfecting p38α−/−ESCs with a plasmid encoding a universal negative control
sequence (Ambion) and were designated as p38α−/−siCON ESCs.
2.3. ESC differentiation
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ESC differentiation was performed as previously described (Guo et al., 2007). Briefly, ESCs
went through two consecutive steps of differentiation. ESCs (1×105 cells/ml) were first allowed
to differentiate in embryoid bodies (EBs). ESCs were suspended in a bacterial culture dish in
which ESCs clumped and formed EBs. After incubation for 24 h, the medium was changed to
LIF-free medium containing 15% FBS to initiate cell differentiation. After incubation for 5
days, EBs were allowed to further differentiate in suspension for additional 5 days to generate
10 day EBs; alternatively, 5-day old EBs were transferred to gelatin-coated cell culture dishes
or coverglasses. In the latter case, EBs adhered to the culture dishes where the cells within the
EBs grew out to form monolayer-like structures, which we defined as EB-derived monolayers.
To test the effect of SB203580 on p38 activation and ESC differentiation, 5 μM SB203580
was added to the cell culture medium on the second day of EB formation. The medium was
refreshed every other day. EBs and EB-derived monolayers were used as the sources to identify
the differentiated cells and for further analyses as specified in individual experiments.
2.4. Immunocytochemistry and microscopic analysis
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EB-derived monolayers were fixed with 4% paraformaldehyde and washed with PBS.
Immunocytochemical analysis was performed according to our published protocols (Guo et
al., 2007). Briefly, fixed EB-derived monolayers were permeabilized with PBS containing
0.25% Triton X-100 for 30 min. After being blocked in 2% bovine serum albumin and 5%
preimmune serum, the cells were incubated with primary antibodies overnight at 4 °C. The
positive cells were detected either by fluorescein isothiocyanate (FITC)- or rhodamineconjugated secondary antibodies. In some experiments, the nuclei were stained with 10 μM
Hoescht 33258. The cells were examined with a LSM 510 laser-scanning confocal microscope
(Zeiss). Image analysis was performed using LSM Image Examiner software (Zeiss). The
details for each experiment are described in the figure legend.
2.5. RNA extraction, reverse transcription, and polymerase chain reaction (RT-PCR)
Total RNA was extracted from ESCs or EBs using Tri-reagent (Sigma). cDNA was prepared
by M-MLV reverse transcriptase. The specificity of the PCR was determined by the
dissociation curve and confirmed by agarose gel electrophoresis. Quantitative real time PCR
(RT-qPCR) was performed using SYBR green jumpstart Taq ready mix (Sigma) on a
MX3000PTM Real-time PCR system (Stratagene) as previously reported (Guo et al., 2007).
Sequences of the primer sets are as follows (F, forward; R, reverse)

B-actin, F: 5′-CATGTACGTAGCCATCCAGGC-3′

R: 5′-CTCTTTGATGTCACGCACGAT-3′

p38δ, F: 5′-ACATGCACCATGAGAACGTCA-3′

R: 5′-CTGGACCTTATCCTCGCTGAA-3′

p38β, F: 5′-TGGCTGTAAAGAAGCTGTCTCG-3′

R: 5′-GTCCTATGACGTTCTCGTGCT-3′
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p38γ, F: 5′-TACACGCAGACAGTGGACATT-3′

R: 5′-GCGTTGGTCAGGACAGAGG-3′

VE-cadherin, F: 5′-CACTGCTTTGGGAGCCTTC
-3′

R: 5′-GGGGCAGCGATTCATTTTTCT-3′

SMA, F: 5′-GGACGTACAACTGGTATTGTGC-3′

R: 5′-CGGCAGTAGTCACGAAGGAAT-3′

Keratin 8, F: 5′-CCCCGGGCCTTCAGC-3′

R: 5′-GTTGGGGTCCACCTCCAG-3′

Keratin 14, F: 5′AGCGGCAAGAGTGAGATTTCT-3′

R: 5′-CCTCCAGGTTATTCTCCAGGG-3′

Keratin 17, F: 5′CAATGACCGCCTGGCCTCCTA-3′

R: 5′-GCCATTGATGTCGGCCTCCAC-3′

3. Results
3.1. Relative expression levels of p38 isoforms in ESCs
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We have previously shown that p38α is abundantly expressed in mouse ESCs (Guo and Yang,
2006). In order to determine whether the dispensability of p38α for ESC differentiation to ECs
and SMCs (Guo et al., 2007) was due to the compensatory effect by the other isoforms, we
first determined the relative expression levels of the four p38 isoforms by real-time quantitative
PCR (RT-qPCR). As shown in Fig. 1, the relative mRNA levels are p38α>p38δ>p38β>p38γ
in wild-type ESCs. Expression of p38α was completely eliminated inp38 α−/−ESCs. Deletion
of p38α gene did not alter the expression of other three isoforms since the mRNA levels and
the relative ratios of p38δ, p38γ and p38β in p38α −/−ESCs were similar to their counterparts
in p38α+/+ESCs (Fig. 1 insets).
3.2. Construction of the small hairpin RNA (shRNA) vector and generation of ESCs stably
expressing siRNA targeting p38δ

NIH-PA Author Manuscript

If the dispensability of p38α for ESC differentiation is due to the functional redundancy of
other p38 isoforms, we would expect that p38β, which shares the highest homology with p38
α (Ono and Han, 2000), is the best candidate. However, our previous results showed that SB,
which inhibits both p38α and p38β, did not affect ESC differentiation to SMCs, ECs and
neurons, which argues against a role of p38β for ESC differentiation to these cells (Guo et al.,
2007). Therefore, we have chosen to target p38δ by siRNA technique because of its relative
higher level of expression (Fig. 1). Although the conventional gene knockdown by synthetic
siRNA has proven to be an effective method, the transient nature of this method is not suitable
for the long-term differentiation experiments. To circumvent this problem, we have constructed
a plasmid vector that expresses a shRNA against p38δ. The sequence of the shRNA and the
mechanism of siRNA production are illustrated in Fig. 2A. In this method, a DNA sequence
encoding a shRNA targeted to p38δ sequence was inserted to the pSilencer 2.1-U6 hygro
expression vector. Once expressed in the cell, the RNA product forms a double-stranded small
hairpin RNA (shRNA), which is processed to siRNA targeting p38δ (SiRNAp38δ) through the
endogenous Dicer. After transfection of p38α−/−ESCs with the siRNAp38δ plasmid, cells were
selected with hygromycin, which killed all other cells except for the cells that were stably
transfected with the plasmid that expressed the hygromycin resistance gene. The selected cells
were designated as p38α−/−siδ ESCs. The control cells were established in parallel and
designated as p38α-/siCON. To analyze the specificity and efficacy of expressed siRNA,
p38δ mRNA was analyzed in ESCs and EBs, as shown in Fig. 2B & C. The p38δ mRNA level
of siRNA-expressing cells was reduced to less than 20% of the control cells, while the mRNA
of p38β and p38γ was not affected. These results demonstrated the efficiency and specificity
of this method to knockdown the expression of p38δ.
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3.3. p38δ knockdown does not have apparent effects on the morphology of ESCs and EB
formation
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ESCs grow in colonies in cell culture dishes and they are kept in an undifferentiated state when
cultured in the presence of leukemia inhibitory factor (LIF). When deprived of cell adhesion
and cultured in suspension, ESCs grow in aggregates and form structures called embryoid
bodies (EBs). Fig. 3A shows the morphology of ECS colonies grown on cell culture dishes
and EBs in suspension generated from wild type ESCs (α+), p38α−/−siCON ESCs (α-/siCON)
and ESC p38α−/−siδ ESCs(α-/siδ). Neither the morphology of ESCs nor the EB formation was
affected by p38δ knockdown (α-/sicon vs α-/siδ). The colonies and EBs formed from all three
types of cells are comparable in number, size, and morphology. We further analyzed the
expression of ESC marker genes, Oct4, Sox2, and Rex1, three major genes that are responsible
for the maintenance of ESC pluripotency and self-renewal (Niwa, 2007). They were similar
among p38α+/+, p38α−/−, and p38α−/−/siRNAp38δ ESCs (Fig. 3B).
3.4. ESCs deficient of both p38α and p38δ can differentiate to ECs and SMCs
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To test the effect of p38δ knockdown on the potential of ESC differentiation, we used our wellestablished ESC differentiation model (Guo et al., 2007). This method, defined as EBmonolayer model, consists of two steps: ESCs were first allowed to differentiate in threedimensional EB structure cultured in suspension, followed by transferring EBs to a culture
dish where cells within the EBs grow out to form monolayer-like structures. The EB structure
resembles an early embryo in which ESCs can differentiate into all cell types derived from the
three germ layers (Hwang et al., 2008). The monolayers allow for convenient immunostaining
and image analysis. As shown in Fig. 4A, p38α−/−Siδ ESCs and control cells could differentiate
into ECs and assembled vascular networks with very similar density and morphology, as
detected by immunostaining of two EC markers, PECAM-1 and VE-cadherin. Similar to ECs,
SMCs are among the early-differentiated cell types during embryogenesis (Wobus and
Boheler, 2005). We further analyzed the expression of smooth muscle α-actin (SMA), a marker
that is widely used to identity SMCs. The positive cells were scattered sparsely in many
locations of EB-monolayers, but a large population was detected around the edges of the EB
outgrowths. Fig. 4B shows a group of these cells differentiated from control cells and from
p38α−/−Siδ ESCs. They have similar morphology and fluorescent staining pattern (Fig. 4B,
upper panels). At high magnification, the distinctive SMA filament networks were clearly
identifiable in single cells and they were arranged in similar patterns in control cells and in
p38α−/−Siδ ESCs (Fig. 4B, lower panels). The patterns of vascular structures assembled from
ECs and SMCs shown in Fig. 4 were similar to those differentiated from wild type ESCs as
we previously reported (Guo et al., 2007). Quantitative RT-PCR analysis confirmed that the
expression levels of cell specific markers VE-cadherin and SMA were also comparable in
control cells and in p38δ kncokdown cells (Fig. 4C and D). Together, these data suggest that
neither p38α nor the combination of p38α and p38δ is critical for EC and SMC differentiation.
3.5. ESCs deficient of both p38α and p38δ can differentiate to epithelial cells
We extended our study to investigate if p38α and p38δ play any roles in epithelial cell lineage
differentiation since there were a number of reports suggesting that they regulate keratinocyte
differentiation during epidermis maturation (Sayama et al., 2001; Efimova et al., 2003). We
performed ESC differentiation using different ESCs of genotypes under the following
condition; p38α+/+ ESCs in the absence or presence of SB (Fig. 5, α+, CON and +SB,
respectively), p38α−/−ESC control cells and p38α−/−Siδ ESCs (Fig. 5, α-, CON and Siδ,
respectively). To identify epithelial cell lineages, we immunostained the EB-monolayers with
a monoclonal antibody C-2562 (Sigma), which recognizes multiple forms of cytokeratins
(Hasan et al., 1998). The cells that were recognized by the antibodies showed similar staining
patterns in differentiated cells from the four types of ESCs (Fig. 5A). Although positive cells
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can been detected in multiple locations of EB-monolayers, the cells within the “patch –like”
areas (Fig. 5B) showed intensive staining of typical intermediate filaments of cytokeratins (Fig.
5A). The morphology and the cytokeratin staining patterns of these cells have been positively
identified as keratinocytes by others investigators (Troy and Turksen, 2009; Haase et al.,
2007). We did not detect apparent differences, either in morphology or in cytokeratin
immunostaining, among the cells differentiated from control cells (wild types ESCs, α+, CON),
ESCs in which both p38α and p38β were inhibited (α+, +SB), p38α−/−ESCs (α−, CON), and
ESCs deficiency of both p38α and p38δ (α-, Siδ).
We further quantitatively measured expression levels of cytokeratins 8, 14, and 17, which have
been used as markers for keratinocyte differentiation (Troy and Turksen, 2009; Haase et al.,
2007). As shown in Fig. 6, the mRNA levels of cytokeratins determined by RT-qPCR are
comparable in all differentiated cells tested at two differentiation periods, consistent with the
results derived from morphological and immunocytochemical analysis (Fig, 5). These results
indicate that differentiation of ESCs to keratinocytes does not depend on either p38α or the
combination of p38α and p38δ.

4. DISCUSSION
NIH-PA Author Manuscript

Numerous studies have demonstrated the importance of p38 MAP kinases in the regulation of
a wide range of cellular activities, such as cell proliferation, apoptosis, and inflammation (Ono
and Han, 2000; Kyriakis and Avruch, 2001). Most studies described in the literature are derived
from experiments using SB inhibitors or by overexpressing their wild types or dominant
negative mutants of p38 isoforms. These studies have generated a large body of information
and have indeed advanced our understanding of the functions of p38 isoforms, but the concerns
associated with the aforementioned methods are nonspecific effects of chemical inhibitors and
the insufficient efficacy of dominant negative mutants. The shortfalls of these approaches may
contribute to many conflicting results and confusions in the field. Therefore, there is a need to
verify previous results with genetically defined cells. The p38α−/−ESC and their differentiated
cells may represent the best tools available for this purpose and for investigating the
developmental roles of p38 family members, of which we have little knowledge.
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Previous studies using primary endothelial cells (ECs) in three-dimensional cell culture models
(Matsumoto et al., 2002; Sweeney et al., 2003), including our own work (Yang et al., 2004),
have demonstrated that inhibition of p38 with SB affects cell proliferation, viability and EC
morphogenesis during in vitro vessel assembly. Coincidentally, one of the major phenotypic
features of p38α−/− embryo is the overall underdeveloped vascular structure (Mudgett et al.,
2000). Therefore, one would assume that p38α may play an important role in endothelial
differentiation and vascular assembly. However, our recent study showed that p38α−/−ESCs
are able to differentiate into ECs and assemble into complex vessel structures like wild type
ESCs (Guo et al., 2007). Additional data revealed that differentiation of ESCs to SMCs or
neurons was also not affected by the deletion of p38α, although the roles of p38α in
differentiated SMCs (Gerthoffer, 2005) and neurons (Takeda and Ichijo, 2002) have been well
recognized. A similar conclusion has been reported for lymphocyte (Kim et al., 2005) and
myeloid differentiation (Allen et al., 2000) in which p38α is apparently dispensable. A rational
explanation for these observations is that p38α function may be compensated for by other p38
isoforms, namely p38β, p38γ orp38 δ in knockout animals or ESCs. In this aspect, one would
speculate that p38β, which shares the highest homology with p38 α (Ono and Han, 2000), is
the best candidate. However, the fact that the SB inhibitor, which inhibits both p38α and
p38β, did not affect ESC differentiation to SMCs, ECs and neurons, argues against the
requirement of p38β (Guo et al., 2007). Therefore, the current study focused on p38δ, the
second most abundantly expressed isoform after p38α. We showed that the constitutive
expression of siRNA against p38δ in p38α−/−ESCs significantly reduced p38δ mRNA, but
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neither ESC morphology, EB formation, nor the expression of pluripotency markers was
affected. Importantly, the lack of impact of p38δ knockdown on ESC differentiation to ECs
and SMCs once again demonstrated a non-essential role of p38δ in the process. Several studies
have suggested that p38α andp38 δ regulate epithelial cell maturation in skin epidermis, which
is a self-renewing tissue maintained by keratinocyte (the major constituent of the epidermis)
proliferation and differentiation (Fuchs, 1990). Differentiation is the most important way by
which keratinocytes form a multilayered epidermis, during which cells undergo a series of
morphological and biochemical changes and form the protective covering of the skin. Using
SB203580 inhibitor, Sayama reported that ASK1-p38 MAP kinase cascade regulates
keratinocyte terminal differentiation (Sayama et al., 2001). p38δ has been suggested to regulate
human keratinocyte differentiation through its interaction with ERK and to mediate the effect
of protein kinase C (Balasubramanian and Eckert, 2007). Therefore, we extended our
investigation to test the possibility that p38α and p38δ may regulate ESC differentiation into
keratinocyes. Our results clearly demonstrated that ESCs lacking p38α or bothp38 α and
p38δ do not show apparent defects, despite the demonstrated roles of the two kinases in
aforementioned keratinocyte differentiation and in many other functions, such as stress
response of keratinocytes (Cao et al., 2008).
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Taken together, the results from our previous studies (Guo et al., 2007), the current report, and
these reported by others (Allen et al., 2000; Kim et al., 2005) are somewhat surprising
considering the well documented functions of p38α andp38 δ in somatic cells, but they are not
completely unexpected considering their non-essential roles in embryogenesis (except for
placental development in the case of p38α) as demonstrated in knockout animal models (Adams
et al., 2000; Sabio et al., 2005). It is reported that the differentiation potential and commitment
of p38α−/−ESCs to cardiomyocytes seemed to be compromised (Aouadi et al., 2006), however,
an opposite conclusion has been reported in a recent study using SB inhibitors (Graichen et
al., 2008). Therefore, whether or not p38α plays a role in cardiomyocyte differentiation is
inconclusive. It is not clear at this point if the functions of differentiated p38α−/−ECs, SMCs,
and epithelial cells are compromised, but apparently p38α andp38 δ are non-essential for ESC
differentiation to the aforementioned cell types. What remains to be answered is how their
functions on ESC differentiation during embryogenesis, if any, are compensated for. In this
aspect, p38γ could be a logical candidate, but its very low expression level in ESCs (Fig. 1)
and the lack of phenotype in knockout mice (Sabio et al., 2005) dampen the enthusiasm for the
investigation in the current study. It is possible that p38 MAP kinases may intrinsically play
less significant roles in ESC differentiation than in the regulation of cellular activities of fully
differentiated somatic cells. Alternatively, one can speculate that other closely related kinases,
such as JNK, may have functional redundancy to substitute the roles of the p38 family members
since these enzymes share some functional similarities (Kyriakis and Avruch, 2001). This
hypothesis may be tested by knockdown of JNK expression using the same strategy described
in this study, which we would like to pursue in a further investigation. While these questions
remain to be answered, we can conclude that mouse ESCs lacking p38α and p38δ can
differentiate to endothelial cells, smooth muscle cells, and epithelial cells.
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Fig. 1. Relative mRNA levels of p38 isoformsin p38 α+/+ and p38α−/− ESCs

The graph represents the relative mRNA levels determined by RT-qPCR in p38α+/+ ESC. The
mRNA levels of the four isoforms were first normalized to β-actin mRNA. The expression
level of p38α was then set as 100 % for comparison. Results are means ± SEM of three
independent experiments. The insets show the PCR products of the isoforms derived from
p38α +/+ and p38α−/− ESCs analyzed by agarose gel electrophoresis. p38α is the most
abundant isoform expressed in p38α+/+ ESCs, but it is completely eliminated in p38α−/− ESCs.
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Fig. 2. Construction of p38δ siRNA expression plasmid vector and the effects of p38δ knockdwon

A, Schematic illustration of shRNA expressing vector, the sequence of shRNA, and the
production of siRNA targeting p38δ (siRNAp38δ). B, Specific knockdown of p38δ in p38α−/
− ESCs stably expressing p38δ siRNA vectors (siδ). CON, control p38α−/−siCON ESCs. C,
Effective knockdown of p38δ in EBs formed from p38α−/− ESCs stably expressing p38δ
siRNA vectors (p38α−/−siδ ESCs, siδ). CON, EBs formed from control cells. The mRNA
levels (p38δ, p38β and p38γ in B and p38δ in C) were determined by RT-qPCR and normalized
to β-actin mRNA. The expression level of β-actin was set as 100 %. Results are means ± SEM
of three independent experiments.
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Fig. 3. p38δ knockdown does not affect the morphology of ESCs, EB formation, and the expression
of ESC pluripotency makers

A, ESC and EB morphology of p38α+/+ESCs (α+), p38α−/−/siCON ESCs (α-/siCON), and
p38α−/− siδ ESCs (α-/siδ). A representative of ESC colony (200x magnification) or a 10 day
EB (100x magnification) formed from each genotype of ESCs were photographed under a
phase contrast microscope. B, expression levels of ESC pluripotency markers, Oct4, Rex1 and
Sox2, was determined by RT-PCR and analyzed by agarose gel electrophoresis. Actin was
analyzed in parallel and was used as an internal control. The similar expression levels of ESC
pluripotency markers among different ESCs were conformed by RT-qPCR (data not shown).
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Fig. 4. Differentiation of ESCs to ECs and SMCs
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EB-monolayers derived from p38α−/−/siCON ESCs (α-/siCON), and p38α−/−siδ ESCs (α-/
siδ) were immunostained with; A, antibodies against EC markers PECAM-1 (PECAM) or VEcadherin (VEcad) followed by FITC-conjugated secondary antibodies (green); B, antibodies
against SMC marker SMA followed by rhodamine-conjugated secondary antibodies (red). The
cells were examined and photographed with a confocal microscope (scale bar unit =μm). C &
D, quantitative determination of VEcad and SMA expression by RT-qPCR. The mRNA of
each gene was determined from 5 and 10 day EBs and normalized to β-actin mRNA. The
expression level of β-actin was set as 100 %. Results are means ± SEM of three independent
experiments.
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Fig. 5. Differentiation of ESCs to keratinocytes
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EB-derived monolayers were differentiated from ESCs of the following genotypes: p38α+/
+ESCs without treatment (p38α+, CON); p38α+/+ ESCs in the presence of 5 μM SB (p38α+,
SB); p38α−/−/siCON ESCs (α-/SiCON), and p38α−/−siδ ESCs (α-/siδ). A, keratinocytes
identified by immunocytochemistry. Differentiated cells were immunostained with an
antibody against cytokeratins (C-2562, Sigma) followed by rhodamine-conjugated secondary
antibodies and photographed under a confocal microscope. B, the cytokeratin positive cells
identified in A were examined and photographed under a phase contrast microscope. These
cells were detected in “patch-like” areas and have typical morphology of keratinocytes (scale
bar unit = μm).
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Fig. 6. Effect of p38α knockout, p38α/β inhibition, and p38δ knockdown on the expression of
cytokeratins

A, 5 day and 10 day EBs differentiated from p38α−/−/siCON ESCs (SiCON) and p38α−/
−siδ ESCs (siδ) were analyzed for the expression of keratin 8 (K8), keratin14 (K14), and
keratin17 (K17) by qRT-PCR. The mRNA of each gene was determined and normalized to βactin mRNA. The expression level of β-actin was set as 100 %. Results are means ± SEM of
three independent experiments. B, expression of cytokeratins in 10 day EBs differentiated from
p38α+/+ ESCs in the absence of 5 μM SB (CON) or in the presence of 5 μM SB (SB). The
mRNA level of each gene was determined by the same method as described in A.
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